In self-renewing mammalian epithelial tissues, which are the sites of most human malignancies[@R14], the basis for repressed differentiation in somatic stem cells is unclear. Epigenetic gene silencers, such as DNMT1,[@R4] may help preserve progenitor gene expression patterns through repeated cell divisions. Loss of function studies have demonstrated the importance of DNMT1 for imprinting, embryogenesis, and tumorigenesis[@R15]. DNMT1 knockout mice display delayed development and lethality by mid-gestation, hindering analysis of the function of DNMT1 in self-renewing epithelia, such as epidermis[@R7],[@R16]. In epidermis, undifferentiated progenitor cells residing in the basement membrane-bound basal layer undergo cell cycle arrest, outward migration, and terminal differentiation to generate the cutaneous permeability barrier. Consistent with a role in this process, DNMT1 transcript and protein were repressed upon calcium-induced differentiation of human keratinocytes in culture ([Fig. 1a-c](#F1){ref-type="fig"}, [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). DNMT1 protein was mainly confined to cells of the basal layer of adult human epidermal tissue and was absent in outer differentiated layers ([Fig. 1d](#F1){ref-type="fig"}). Thus, DNMT1 is expressed in epidermal progenitor-containing cell populations and is lost during differentiation.

To study effects of DNMT1 loss on epidermal progenitor function in vivo, short hairpin RNA constructs targeting DNMT1 (DNMT1i) were generated ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). DNMT1i and control knockdown cells were used to regenerate human skin on immune-deficient mice by an approach recapitulating features of intact tissue, including epidermal self-renewal kinetics[@R17],[@R18]. By two weeks, DNMT1i epidermis was markedly hypoplastic ([Fig. 2a](#F2){ref-type="fig"}) without increased cell death ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}), and only 34% of DNMT1-deficient epidermal tissues survived to week 3 compared to 100% for controls ([Fig. 2a,b](#F2){ref-type="fig"}). DNMT1i tissue displayed ectopic expression of differentiation genes, such as keratin 1 (K1), in the normally undifferentiated basal layer ([Fig. 2a](#F2){ref-type="fig"}), indicating premature differentiation occurs in the absence of DNMT1. Granular layer proteins were not seen in the basal layer of DNMT1i epidermis, possibly because of DNMT1i cell loss from this setting prior to their expression (data not shown). Consistent with premature entry into the post-mitotic differentiation pathway, DNMT1 depletion also diminished cell proliferation by week 3 to \<15% of control ([Supplementary Fig. 3a, b](#SD1){ref-type="supplementary-material"}). These results indicate that epidermal DNMT1 loss leads to premature differentiation within the progenitor-containing compartment and loss of tissue self-renewal.

To confirm that the inability of DNMT1-deficient tissue to persist was due to a cell-intrinsic loss of progenitor function as opposed to a global tissue failure process, an in vivo epidermal progenitor cell competition assay was developed using tissue mosaicism ([Fig. 2c](#F2){ref-type="fig"}). Epidermal cells marked with a construct expressing a hemagglutinin (HA) tag were infected with DNMT1i or control vectors and mixed with unmarked cells. These cells were then used to regenerate mosaic human epidermis in vivo. Initially, there were a similar percentage of DNMT1i and control cells contributing to all layers ([Fig. 2d,e](#F2){ref-type="fig"}). By week 2, however, there was a significant decrease in the number of DNMT1i cells in the basal layer, with up to 11% of retained cells displaying ectopic expression of differentiation genes ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}; [Fig. 2d,e](#F2){ref-type="fig"}). In contrast, marked cells in control shRNA epidermis remained stable without signs of ectopic differentiation ([Fig. 2d,e](#F2){ref-type="fig"}; [Supplementary Fig.4](#SD1){ref-type="supplementary-material"}). By week 3, DNMT1i cells generated with multiple DNMT1 shRNA constructs comprised \<2% of the basal layer compared to \>30% for controls, a process paralleled by progressive loss of DNMT1i cells from suprabasal layers ([Fig. 2e](#F2){ref-type="fig"}). Thus, DNMT1 loss leads to a cell-intrinsic failure of epidermal progenitor maintenance and premature differentiation.

Global gene expression profiles in DNMT1-deficient cells cultured in growth conditions was next compared to that of control cells induced to differentiate with calcium. 3,343 genes (1,366 induced; 1,977 repressed) changed during calcium-induced differentiation and 797 genes (450 induced; 347 repressed) were altered by DNMT1 loss ([Supplementary Tables 1 and 2](#SD1){ref-type="supplementary-material"}). Comparing these two gene sets revealed a statistically significant overlap of 545 genes, the vast majority of which were regulated in the same direction ([Fig. 3a, b](#F3){ref-type="fig"}; [Supplementary Table 3](#SD1){ref-type="supplementary-material"}). Up-regulated genes in this shared set were enriched for differentiation gene ontology (GO) terms, while repressed genes were enriched for proliferation GO terms ([Fig. 3a](#F3){ref-type="fig"}). DNMT1 thus controls an epidermal gene expression program compatible with a role in sustaining proliferation and repressing differentiation.

To study the basis for the impaired proliferation seen with DNMT1 loss, we examined the proliferative stamina of epidermal progenitors. DNMT1i cells prematurely exited S phase into G1 arrest, similar to cells undergoing calcium-induced differentiation ([Fig. 3c,d](#F3){ref-type="fig"}). In clonogenic assays, single DNMT1i cells failed to proliferate into larger colonies (\>5mm^2^), producing only small, abortive colonies ([Fig. 3e,f](#F3){ref-type="fig"}). Similar to in vivo, decreased cell numbers were not due to increased apoptosis ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). Rather, DNMT1 loss resulted in the upregulation of cyclin dependent kinase (Cdk) inhibitors, p15^INK4B^ and p16^INK4A^ ([Fig. 3b](#F3){ref-type="fig"}; [Supplementary Table 2](#SD1){ref-type="supplementary-material"}), implicated in inhibiting stem cell self-renewal[@R19],[@R20],[@R21]. In keratinocytes, the effects of p15^INK4B^ and p16^INK4A^ can be bypassed by co-expression of Cdk4 and cyclin D1[@R22]. This G1 Cdk-cyclin pair partially rescued DNMT1i cell proliferation ([Supplementary Fig. 6a,b](#SD1){ref-type="supplementary-material"}). Wild-type DNMT1, but not a catalytically inactive point mutant[@R23], reversed the proliferation defects as well as the Cdk inhibitor induction observed with DNMT1 loss ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}), indicating that DNMT1 DNA methylation capacity is required to repress p15^INK4B^/p16^INK4A^ to permit progenitor proliferation. These data suggest that DNMT1 sustains progenitor proliferation by inhibiting expression of Cdk inhibitors.

The DNMT1 requirement in maintaining the progenitor state suggests that DNA methylation changes during differentiation. Methylated DNA immunoprecipitations (MeDIP)[@R24],[@R25] were thus performed in undifferentiated and differentiated keratinocytes followed by hybridization to promoter tiling arrays covering 24,659 human genes ([Supplementary Table 4 and 5](#SD1){ref-type="supplementary-material"}). Methylated DNA enrichment was found on 5,999 gene promoters in undifferentiated keratinocytes ([Supplementary Table 4](#SD1){ref-type="supplementary-material"}), with an overabundance of differentiation genes ([Fig. 4a](#F4){ref-type="fig"}). 364 of the 1,366 induced differentiation gene set in [Fig. 3](#F3){ref-type="fig"} had methylated DNA promoters in undifferentiated cells ([Fig.4b](#F4){ref-type="fig"}; [Supplementary Table 6](#SD1){ref-type="supplementary-material"}), \>50% of which lost methylation during differentiation ([Fig. 4b](#F4){ref-type="fig"}; [Supplementary Table 7](#SD1){ref-type="supplementary-material"}). Of the 232 differentially methylated genes, 75% contained a CpG island within 2kb upstream of their transcription start site ([Supplementary Table 7](#SD1){ref-type="supplementary-material"}), a proportion similar to that in the epidermal differentiation gene set above as well as in the human genome. Among the 232 genes, a significant portion exhibited methylation in undifferentiated cells in regions outside of CpG islands known as "shores" ([Supplementary Fig.8](#SD1){ref-type="supplementary-material"}), which exhibit tissue-specific methylation patterns correlated with gene expression[@R26]. These methylation marks were erased from these low CpG shores during epidermal differentiation. Because of variability in distance of shores from CpG islands, some of which are \>2kb away[@R26], the shores for all genes were not encompassed within the tiled region of the arrays. Thus, the genes regulated in this manner during epidermal differentiation may be underestimated. MeDIP-coupled QPCR confirmed that differentiation genes, such as *LCE3D* and *S100P,* lost DNA methyl marks ≥3-fold during differentiation whereas the stably imprinted gene, *KCNQ1,* remained unaltered ([Fig. 4c](#F4){ref-type="fig"}). Bisulfite sequencing of *S100P* corroborated MeDIP profiling ([Supplementary Fig.9](#SD1){ref-type="supplementary-material"}). Several transcription factors regulating epidermal differentiation[@R27],[@R28],[@R29],[@R30], including *POU2F3*, *MAFF*, and *SP1* ([Fig. 4c](#F4){ref-type="fig"}; [Supplementary Table 7](#SD1){ref-type="supplementary-material"}) also lost methylation during differentiation, corresponding with increased expression ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Interestingly, 372 of the 1,977 genes repressed during differentiation became de novo methylated during differentiation, possibly via the de novo DNMTs, 3A and 3B, which are both expressed in keratinocytes ([Supplementary Table 8](#SD1){ref-type="supplementary-material"}). DNA methylation thus undergoes dynamic alterations during epidermal differentiation.

The SET and RING finger-associated (SRA) domain of UHRF1[@R9],[@R10], binds DNMT1 and recruits it to hemi-methylated DNA. Similar to DNMT1, UHRF1 was predominately detected in the epidermal basal layer and was down-regulated during differentiation ([Supplementary Fig. 10a-c](#SD1){ref-type="supplementary-material"}). UHRF1 depletion ([Supplementary Fig. 10d](#SD1){ref-type="supplementary-material"}) de-repressed differentiation genes in progenitors ([Supplementary Fig. 10e](#SD1){ref-type="supplementary-material"}) and dramatically reduced their proliferative potential ([Supplementary Fig. 10f,g](#SD1){ref-type="supplementary-material"}). DNMT1-UHRF1 preservation of progenitor function predicted that mediators of DNA demethylation might induce epidermal differentiation. In support of this, Gadd45A[@R11],[@R12] and B[@R13], which interact with components of both base excision (BER) and nucleotide excision repair (NER) DNA demethylase complexes to demethylate DNA, were induced during epidermal differentiation ([Fig. 4d](#F4){ref-type="fig"}; [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Gadd45 depletion inhibited calcium induction of genes shown to be de-methylated during differentiation and impaired erasure of *S100P* promoter DNA methylation ([Fig. 4e](#F4){ref-type="fig"}; [Supplementary Fig. 9; Supplementary Table 7](#SD1){ref-type="supplementary-material"}). Furthermore, increasing Gadd45 expression induced premature differentiation and inhibited progenitor growth ([Fig. 4f,g,h](#F4){ref-type="fig"}). DNMT1 and Gadd45 impacts in epidermal progenitors suggest they may function similarly in other tissues. Consistent with this, DNMT1 expression is down-regulated during muscle differentiation ([Supplementary Fig.11a](#SD1){ref-type="supplementary-material"}) and DNMT1 depletion or enforced Gadd45 expression results in the increased expression of skeletal muscle differentiation genes such as skeletal actin, tropomyosin, and myosin heavy chain ([Supplementary Fig.11b-d](#SD1){ref-type="supplementary-material"}).

Taken together, these data suggest that tissue self-renewal may be controlled by a dynamic antagonism between regulators of DNA methylation. In this model, the progenitor state is sustained by methylation-induced silencing of the differentiation program via the concerted actions of DNMT1 and UHRF1; their retention in some lower suprabasal epidermal cells suggests their action may be partially retained early in differentiation. The differentiated cell fate, in contrast, is promoted by Gadd45 DNA demethylation-enhancing proteins. The basis for the reciprocal expression of DNMT1-UHRF1 in progenitors and Gadd45 in differentiation, as well as whether this balance is disrupted in epithelial cancers, represents avenues for future study.
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Tissue culture {#S2}
--------------

Primary human keratinocytes were derived from fresh foreskin. Cells were grown in KSF-M (GIBCO-BRL) supplemented with epidermal growth factor (EGF) and bovine pituitary extract (BPE). Cells were induced to differentiate by the addition of 1.2 mM calcium for 1 and 3 days in full confluence. Amphotrophic phoenix cells were maintained in DMEM and 10% fetal bovine serum.

A full methods section accompanies this paper. (See [Supplementary Methods](#SD2){ref-type="supplementary-material"})
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![DNMT1 is down-regulated during epidermal differentiation\
a, Microarray analysis characterizing genes altered during calcium-induced differentiation (genes repressed ≥2 fold are shown in green). b, c, Time course of DNMT1 down-regulation after induction of differentiation on the mRNA and protein level; error bars=s.d., n=3. d, DNMT1 protein distribution in adult human epidermis. DNMT1 (orange), differentiation keratin 1 (K1: green), Hoechst nuclear stain (blue); scale bar=30μm, dotted line denotes basement membrane.](nihms160297f1){#F1}

![DNMT1 loss triggers differentiation and failure of self-renewal\
a, Keratinocytes expressing shRNAs for DNMT1 (DNMT1i) or control (CTL) were used to regenerate human epidermis on immune deficient mice. K1 (green) marks differentiated epidermal layers; human species-specific antibody against Desmoglein 3 (DSG3:orange). White arrows denote areas of ectopic basal layer differentiation. Scale bar=50μm, dotted line=basement membrane. b, Graft survival (n=9 grafted mice/group). c, Human epidermal progenitor competition assay. Marked cells with altered gene function are mixed with unmarked controls to regenerate epidermis. Maintenance of marked undifferentiated progenitor cells in the basal layer (orange) as well as in differentiating suprabasal layers (green in control; yellow in marked) over time. The proportion of marked cells expressing control shRNAs remains constant \[top panel\] whereas the proportion of marked cells depleted of genes required for progenitor persistence decreases over time \[bottom panel\]. d, Human epidermal progenitor tracking in vivo. shRNA-receiving cells (top panels=control, bottom panels=DNMT1i) marked with HA tag (orange) in tissue mosaic with non-marked cells. White arrow denotes ectopic K1 differentiation protein expression in the basal layer of a marked DNMT1i cell. Scale bar=50μm. e, Quantitation of HA marked basal layer cells. 500 basal nuclei were counted for each time point (n=9 grafted mice/group);error bars=s.d.](nihms160297f2){#F2}

![DNMT1 is required to repress differentiation and sustain proliferation\
a, Venn diagram (left) illustrating overlap between changes identified with DNMT1 loss and calcium-induced differentiation (+Ca2+). Heat map of the 545 genes shared between the two profiles (P-value\<1×10^-248^; Fisher\'s exact test); red (induced) and green (repressed), log~2~-based scale. GO analysis (right) (P-values represent a Bonferroni-corrected EASE score). b, QRT-PCR verification of array data. Error bars=s.d., n= 3. c, Cell proliferation; error bars=s.d., n= 2. d, DNMT1 depletion results in G1 cell cycle arrest, flow cytometry profiles; error bars=s.d., n= 2. e, Clonogenic assays of control shRNA and DNMT1i keratinocytes plated at limiting dilution. f, Quantitation of colonies \>5 mm^2^ (n=3/group); error bars=s.d.](nihms160297f3){#F3}

![DNA methylation during epidermal differentiation\
a, GO analysis of gene promoters enriched for DNA methylation in undifferentiated keratinocytes. The x-axis represents the P-values for each GO category shown that contains enrichment for DNA methylation (P-values=Bonferroni-corrected EASE score). b, Venn diagrams of epidermal differentiation genes enriched for promoter methylation. The left diagram depicts the number of up-regulated epidermal differentiation genes with methylated DNA promoters (blue:364 genes) in undifferentiated cells. The right diagram shows the number of DNA methylation enriched differentiation genes that lose their methyl marks upon differentiation (light blue: 232 genes). c, DNA methylation enrichment ratios on individual gene promoters in the absence (-Ca2+) or presence (+Ca2+) of calcium-induced epidermal differentiation, error bars=s.d., n= 3. d, Gadd45A and B mRNA is induced during epidermal differentiation; error bars=s.d., n= 3. e, Combined Gadd45A/B loss impairs epidermal differentiation; error bars=s.d., n= 3. f, Forced expression of Gadd45A or B induces premature epidermal differentiation. Error bars=s.d., n= 3. g, Effects of expression of Gadd45 A or B on clonogenic growth. h, Quantitation of clonogenic assays with colonies \> 5 mm^2^ (n=3/group); error bars=s.d.](nihms160297f4){#F4}
